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Synopsis 1 
 2 
Muscle functional MRI (mfMRI) is an innovative technique that offers a non-invasive method 3 
to quantify changes in muscle physiology following the performance of exercise. The mfMRI-4 
technique is based on signal intensity changes due to increases in the relaxation time (T2) of 5 
tissue water. In contemporary practice, mfMRI has proven to be an excellent tool for 6 
assessing the extent of muscle activation following the performance of a task and for the 7 
evaluation of neuromuscular adaptations as a result of therapeutic interventions. This article 8 
focuses on the underlying mechanisms and methods of mfMRI, discusses the validity and 9 
advantages of the method, and provides an overview of studies in which mfMRI is used to 10 
evaluate the effect of exercise and exercise training on muscle activity in both experimental 11 
and clinical studies.  12 
 13 
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 1 
Dysfunction of the muscular system seems to play an important role in the occurrence, 2 
persistence or recurrence of associated pain and disability in individuals with musculoskeletal 3 
disorders. Changes in the physical structure (atrophy19, fat infiltration23, 25, muscle fiber type 4 
transformation57) and behavior of muscles (timing and activation level7, 58) are commonly 5 
observed and measured. Pertinent to clinical practice, programs to retrain muscle function 6 
have shown favorable responses in terms of improvements in pain, disability, and function. 17, 7 
36, 59 Physical therapists must be able to use knowledge of the structure and function of the 8 
muscular system in order to accurately plan and evaluate the efficacy of therapeutic 9 
measures. Therefore, contemporary methods to understand the anatomy and physiology of 10 
the musculoskeletal system are needed.  11 
The advent of modern imaging  technology offers a variety of approaches for quantifying 12 
muscle structure and function.54 In particular, magnetic resonance imaging (MRI) is frequently 13 
used to investigate anatomical information. In addition to its excellent spatial resolution, which 14 
permits good quality imaging of muscle structure, MRI offers a non-invasive method to 15 
quantify changes in muscle physiology following the performance of exercise. In particular, 16 
signal intensity changes due to increases in the relaxation time (T2) of tissue water can be 17 
measured to indicate exercise-induced activity of muscles.40 This phenomenon was originally 18 
described in 1965, when Bratton et al8 reported an increase in the T2 of isolated frog skeletal 19 
muscle following stimulated isometric contractions. Subsequently, Fleckenstein et al31 20 
reported the first similar phenomenon in living human subjects and as a consequence Fisher 21 
et al29 suggested that this prolongation in T2 relaxation time could be used as a quantitative 22 
measurement for muscle activity. In contemporary practice this technique is referred to as 23 
muscle functional MRI (mfMRI) and has proven to be an excellent tool for assessing the 24 
extent of muscle activation following the performance of a task and for the evaluation of the 25 
neuromuscular adaptations as a result of therapeutic interventions. 26 
The purpose of this article is to review the underlying mechanisms and methods of mfMRI, 27 
discuss the validity, reliability, advantages and limitations of the method, and provide an 28 
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overview of studies in which mfMRI is used to evaluate the effect of exercise and exercise 1 
training on muscle activity in both experimental and clinical studies.  2 
 3 
Mechanisms and methods of mfMRI 4 
Basic principles of MRI.  5 
An understanding of the basic mechanisms of mfMRI requires some discussion of nuclear 6 
magnetic resonance physics. A nuclear magnetic resonance signal arises from magnetic 7 
activity of hydrogen nuclei (protons) in tissue water and fat molecules.43, 48 When a tissue is 8 
positioned in a strong magnetic field (B0), the magnet bore of the scanner; most protons will 9 
align with that field and are then considered to be in a low-energy state. The result is a net 10 
magnetization vector along the longitudinal Z-axis. In this phase, the protons are in a state of 11 
equilibrium while spinning (precessing) at the frequency of the static magnetic field; B0.  12 
The protons become excited by the application of a radio frequency (RF) pulse (B1) of a 13 
certain amplitude and time. Due to the RF pulse, the nuclei rotate so that the net 14 
magnetization flips from the longitudinal Z-axis into the transverse XY-plane. In addition, the 15 
pulse causes the nuclei to precess in phase in the XY-plane (phase-coherent oscillation). 16 
When the nuclei dephase, a detectable magnetic signal is generated and recorded. As 17 
protons prefer to be in a low energy state, they will emit their absorbed energy and return to 18 
the equilibrium state by re-aligning with the longitudinal Z-axis (the magnetic field; B0). This 19 
process is called relaxation and can be divided in two independent parameters: T1 and T2 20 
relaxation (FIGURE 1).   21 
T1, or the longitudinal relaxation time, characterizes the rate at which the longitudinal 22 
component of the magnetization vector recovers and is defined as the time (in milliseconds) it 23 
takes for the longitudinal magnetization to reach 63% of its final value.51 This component of 24 
the MR signal reflects structural aspects and is relatively insensitive to changes in the state of 25 
the muscle.  26 
T2, or transverse relaxation time, characterizes the rate at which the magnetization vector 27 
decays in the transverse or XY plane. T2 is defined as the time (in milliseconds) it takes for 28 
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the transverse signal to reach 37% (1/e) of its initial value.51 In contrast to T1, T2 is sensitive 1 
to changes in relaxation time of muscle water.  2 
 3 
Mechanism underlying mfMRI 4 
The mfMRI-technique is based on an increase in T2 relaxation time of muscle water following 5 
exercise. Specifically, exercise results in a slower decay of the muscle water signal, which 6 
causes an enhancement in signal intensity of the activated muscles, and as a consequence, 7 
activated muscles look brighter on T2 weighted images when compared to muscles imaged in 8 
a resting state (FIGURE 2).43  9 
Different studies have been performed to elucidate the underlying physiological mechanism of 10 
this shift in T2 relaxation time. 18, 22, 32 The simplest explanation is that the influx of fluid during 11 
activity is accompanied by an accumulation of osmolites (phosphate, lactate, sodium) in the 12 
cytoplasm and their presence prolongs the relaxation time of muscle water.43 The T2 13 
relaxation time of total muscle water is composed of multiple components, such as 1) protein 14 
bound intracellular water (34%), 2) free intracellular water (49%), and 3) extracellular water 15 
(14%), each experiencing a change in their respective T2 relaxation time.53 The summed 16 
effect of changes in these components results in the net activity-induced increase in T2. 17 
Although all of the components act synergistically to increase overall T2, it should be clear 18 
that activity-dependent increases in T2 are believed to primarily result from intracellular 19 
events.48 20 
 21 
Measurement protocols 22 
The general mfMRI measurement protocol is that images are acquired at rest (pre-exercise 23 
image) and immediately following (post-exercise image) a specific exercise. Regions of 24 
interest (ROI) may then be developed for each muscle of interest. Care should be taken to 25 
avoid the inclusion of non-muscular tissue (e.g. fat, fascia or blood vessels) in all ROIs. For 26 
each ROI, the T2 value may then be calculated and the change in T2 value recorded from the 27 
pre- and post-exercise image is referred to as the T2 shift. From these calculations of T2 28 
6 
 
shifts, inferences regarding the activity level of specific muscles can be made and compared 1 
for different exercise protocols.  2 
The half-life of exercise-induced changes in muscle T2 has been shown to be approximately 3 
7 minutes29, which requires the subjects to be accurately placed in the scanner immediately 4 
following the performance of the exercise. The time between the end of the exercise and the 5 
start of the scan will depend upon what body part is imaged and the imaging coils that are 6 
used. Future applications might enable patient to perform exercise in the scanner, thereby 7 
enabling scanning as soon as exercise is finished. Although there is a fast decay of T2, full 8 
recovery of muscle T2 is much slower, as T2 generally remains elevated for approximately 30 9 
minutes following exercise. 29, 61 If the effect of different exercises on muscle activity is to be 10 
evaluated, it is recommended to permit at least 45 minutes of rest between exercise sets, as 11 
this would  allow full-recovery of any established T2 shifts.15 12 
Different sequences can be used of which multi-spin echo sequences are mostly applied. 13 
During a spin-echo pulse sequence, the RF field is applied in two pulses: a 90° RF pulse with 14 
a 180° RF pulse to rephrase spins to form an echo.51 The time between the peak of the 90° 15 
RF pulse and the peak of the echo is called the echo time (TE). The time it takes to go 16 
through the pulse sequence once is called the repetition time (TR). Multi-echo spin-echo 17 
pulse sequences use multiple 180° RF pulses to generate multiple echoes in which each 18 
echo can be used to create a separate image. Turbo or fast spin echo sequences use the 19 
same sequence but instead of each echo forming a different image data set, all the echoes 20 
are used to create a single image data set at a faster rate, saving imaging time.   21 
 22 
Key Points: 23 
 T2 relaxation time characterizes the rate at which the magnetization vector decays in 24 
the transverse plane and is sensitive to changes in the state of the muscle.  25 
 mfMRI is based on an activity-induced increase in the T2 relaxation time of muscle 26 
water which is directly responsible for the increased intensity of the MR signal on the 27 
T2 weighted imaging following exercise 28 
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 While the exact underlying mechanism behind T2-shifts is not yet fully understood, it is 1 
generally accepted that the T2 shift is associated with biochemical processes related 2 
to muscle activity  3 
 T2 shifts can be recorded from the pre- and post-exercise images allowing 4 
quantification of the the activity level of specific muscles and such methodologies 5 
provides for comparison between different exercise protocols and their effects on 6 
muscular tissue.  7 
 8 
Validity and reliability of mfMRI measurements  9 
In an effort to validate mfMRI as an evaluation tool for muscle activity, the relationship 10 
between T2 shift and various other parameters of exercise has been investigated.1, 29, 33, 35, 38, 11 
61 Studies have shown that T2 shifts are quantitatively dependent on the intensity of skeletal 12 
muscle activation when exercises are performed over a wide range of intensities,1, 29, 35, 38  13 
supporting a linear relationship between T2 times and exercise intensity. Fisher et al29 14 
demonstrated that increases in T2 values of the human tibialis anterior were linearly related to 15 
the forces generated during exercise (r=0.87), whereas Jenner et al35 demonstrated a similar 16 
correlation when exercise intensity was altered by increasing the rate of contractions at a 17 
constant target force (r=0.64; p<0.01). Similar results were found by Dickx et al21 who 18 
investigated multifidus and erector spinae muscle activity during a trunk extension exercise at 19 
5 increasing loads (from 40% to 80% of 1 repetition maximum) with both MRI and EMG. They 20 
demonstrated a linear association for the lumbar paraspinals (R² = 0.92; p≤0.001) and 21 
revealed that  for both muscles an increase of 10% exercise intensity corresponds with an 22 
increase of the T2 value of 1.18 (95% CI: 0.89-1.47) ms. Studies by Fleckenstein et al33, 23 
Mayer et al42 and Cheng et al14, however, do not support a linear relationship between T2 24 
times and all levels of intensity of muscular activity, but rather support a sigmoid-shape 25 
relationship. Differences between studies can be attributed to differences in statistical 26 
approach (linear regression analysis compared to mixed model analysis) and methodology. 27 
For example, Mayer et al42 performed the exercises at 3 different intensities on the same day, 28 
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with 60 minutes of rest in between, whereas Dickx et al21 tested subjects on 5 consecutive 1 
days, to allow the trunk musculature to recover. Residual fatigue in the lumbar muscles may 2 
have confounded muscle recruitment. However, it is still unknown whether the association 3 
also applies for lower and higher exercise intensities. It can be expected that changes in T2 4 
reaches a ceiling, as the value depends on physiologic processes related to muscle output. 5 
Therefore, it is considered that T2 shifts are useful for inferences regarding moderate levels 6 
of muscle activity, but less valid for the lower and higher levels of activity.  7 
Several studies have compared T2 contrast shifts and electromyography (EMG) signal 8 
amplitude of muscles in both the lower extremities and lumbar spine. 1, 21, 38, 52 Results vary 9 
among studies and muscles, and although MRI and surface EMG measurements are not in 10 
complete agreement, they demonstrate a consistent relationship. 1, 21, 38, 52 Lack of complete 11 
agreement between EMG and T2 shift recordings may be indicative of the different 12 
physiological basis of both measures. EMG signal amplitude reflects the electrical activation 13 
of muscle tissue, where T2 shifts record metabolic activity within the muscle tissue itself.  14 
With regards to measurement reliability, measurements of T2 shifts have shown high inter-15 
tester reliability with intra-class correlation coefficients and standard error of measurements 16 
ranging from 0.87 to 0.94 and 1.64 to 2.75 ms respectively (depending on the muscles 17 
evaluated).10, 12, 24 This high reproducibility of results is an important advantage of the MRI 18 
method over surface and fine-wire EMG methods.56 19 
 20 
Key Points: 21 
 T2 shifts are useful for inferences regarding moderate levels of muscle activity, but 22 
less valid for the lower and higher levels of activity. 23 
 No absolute agreement has been observed between EMG and mfMRI measures of 24 
muscle activity which is indicative of their different measurement properties.  25 
 mfMRI is a highly reliable measurement tool of resting and exercised skeletal muscle, 26 
with a small amount of measurement error. 27 
 28 
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 1 
Advantages and limitations of mfMRI  2 
MfMRI is a valuable complementary evaluation technique to EMG in measuring muscle 3 
behavior. While both techniques have unique measurement qualities, there are some 4 
advantages of mfMRI, making it a valuable evaluation method particularly with regard to the 5 
non-invasive access to deeper muscle structures and elimination of a common limitation with 6 
EMG measures; cross-talk. 7 
 8 
Non-invasive access to deep muscles 9 
MfMRI has some advantages over methods such as EMG in that it permits non-invasive 10 
measurements at multiple locations within multiple muscles from a single MRI scan. This is 11 
particularly advantageous for deeper muscle structures within the musculoskeletal system 12 
that, due to their depth and intimate proximity to structures such as visceral organs, may not 13 
be directly amenable to other methods of assessment such as surface or intramuscular EMG. 14 
Accordingly, mfMRI has gained popularity in studies evaluating muscle function including 15 
deep paraspinal muscles9, 10, 15, 20, 24, 42 that were previously difficult to achieve and not without 16 
some risk with invasive EMG.26, 27, 34, 46, 60  17 
 18 
Elimination of measurement issues such as cross-talk 19 
While EMG measures have the advantage of evaluating the activity levels of muscles in real 20 
time, there are signal issues associated with surface EMG techniques. There is difficulty in 21 
obtaining an EMG signal representing isolated activity of the target muscle with surface EMG 22 
on the basis of the inaccessibility of deeper muscles with surface electrodes55 and the 23 
generation of EMG signal by neighboring muscles resulting in signal cross-talk.48 While it may 24 
be argued that the use of intramuscular EMG techniques eliminates cross-talk, a single 25 
intramuscular electrode will record signals from a population of motor units limited to its 26 
insertion site and therefore may not be representative of activity levels of the entire muscle. In 27 
contrast mfMRI permits measures to be taken with no issues of signal cross-talk. Additionally, 28 
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mfMRI avoids other signal issues associated with EMG attributed to impedance from 1 
subcutaneous tissue and electrode type and placement.  2 
 3 
Limitations of mfMRI measures 4 
Besides the absolute contraindications for MRI, including pacemakers, brain aneurysm clips, 5 
metallic foreign bodies and claustrophobia, there are several limitations inherent to mfMRI.  6 
At present, investigation using mfMRI is limited to evaluate spatial aspects (amount of 7 
activation) of muscle behavior that is in contrast to EMG techniques which have the 8 
advantage of evaluating both temporal (timing of activation) and spatial elements of muscle 9 
behavior in real time. Additionally mfMRI is a post-exercise evaluation of muscle activity and 10 
as yet the latency effects on the T2 shift measurement due to the delay between completion 11 
of the exercise and the commencement of the MRI scan is still not fully understood.  12 
Secondly, mfMRI appears to be limited to evaluating exercise of at least moderate exertion 13 
such as resistance exercises, whereas evaluation of exercises at lower and higher intensities 14 
are expected to be less valid. Although several studies have demonstrated a relationship 15 
among exercise intensity, EMG signal amplitude, and T2 times, the lowest activity threshold to 16 
induce a significant shift in signal is still not known.1, 33, 35 It would appear that EMG has a 17 
lower muscle activity detection threshold than MR imaging.54 A sensitivity study revealed that 18 
changes in T2 times for the elbow-flexor muscles can be detected with as few as 2 repetitions 19 
(1 repetition being 1 second concentric and 1 second eccentric contraction) when performed 20 
at a high intensity (80% maximum voluntary contraction (MVC)).15, 54, 61 Lower intensity 21 
exercises (25% MVC) may require up to 5 contractions before changes in T2 times can be 22 
appreciated.61 In conclusion, while both mfMRI and EMG can be used independently to 23 
assess muscle activity relevant to research and clinical practice, their utility may depend on 24 
the nature of the muscular activity of interest. It is possible that combining both techniques will 25 
provide additional information when evaluating overall muscle function. 26 
Lastly, while mfMRI is an emerging and exciting tool for evaluation of muscle activity, it is not 27 
without some inherent costs. Although mfMRI can be performed with the MR technology that 28 
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is currently present in most hospitals for routine patient evaluation, it is primarily only 1 
available to research laboratories. Thus, the cost-effectiveness of utilizing such a potentially 2 
expensive modality for assessment and plan of care is currently unknown. Limiting practice 3 
variability at reduced costs is a major focus in delivering medical and rehabilitative services, 4 
worldwide. Thus, a cost-effectiveness study would be required before final recommendation 5 
that mfMRI become standard physical therapy and rehabilitation practice.  6 
 7 
Key Points: 8 
 MfMRI has the advantage, especially for the spinal muscles, to non-invasively 9 
evaluate muscle activity, adjacent muscles and even overlying muscles, without cross-10 
talk. 11 
 MfMRI is of questionable value in measuring muscles function during activities that 12 
are of a low intensity nature. 13 
 While both mfMRI and EMG provide information regarding muscle function, they are 14 
complementary measures. 15 
 The cost-effectiveness of using mfMRI for patient assessment and plan of care is 16 
currently unknown.  17 
 18 
mfMRI and exercise 19 
Early studies utilizing mfMRI measures investigated activity levels of specific muscles during 20 
exercise at specific intensity levels relative to maximal exertion, while others compared 21 
muscle activity over increasing intensity levels to maximal exertion. 2, 30, 31, 33, 35, 61 More recent 22 
studies have utilized mfMRI measures to specifically compare muscle activity during various 23 
clinically based exercises in healthy individuals and individuals with painful musculoskeletal 24 
disorders. 10, 12, 15, 24, 38, 40, 42, 44, 56 Therefore, T2 shift measures provide a powerful technique to 25 
assess 1) muscle function during specific exercise/rehabilitation protocols, 2) changes in 26 
activity patterns in patients with musculoskeletal disorders, and 3) the efficacy of interventions 27 
delivered over time.  28 
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 1 
Muscle function during specific exercise/rehabilitation protocols 2 
Most studies utilizing mfMRI have investigated muscle activity patterns during commonly 3 
prescribed clinically based exercises. The superior spatial resolution of MRI provides a 4 
unique opportunity to study multiple muscles and demonstrate whether the target muscle has 5 
been activated, how effectively it has been activated, or whether substitution has occurred. 6 
Studies have evaluated muscle activity during exercise of the lower (knee extension, ankle 7 
extension and flexion, running, and cycling),29, 35, 38, 39, 47, 50 and upper extremities as well as 8 
the spine.10, 15, 24, 42, 43, 53, 56, 61. Other studies have evaluated the impact on muscle activity of 9 
altering the parameters (type of contraction, velocity, intensity) of the exercise being 10 
performed.20, 41, 42 For example the rectus femoris muscle has been shown to be more 11 
activated than the other portions of the quadriceps muscle during isokinetic knee extension 12 
exercise but not during isotonic knee extension exercise.5, 49  Kulig et al41 investigated the 13 
effect of contraction velocity on activity within the primary elbow flexors during 2 isotonic 14 
exercise protocols that differed in the velocity of their eccentric phase. Their findings 15 
demonstrated a variable response to the different velocity conditions that had not previously 16 
been detected with similar studies using EMG, indicating that mfMRI may be a more sensitive 17 
measure to explore this phenomenon. The findings suggest that signal intensity changes are 18 
associated with task-dependent differences and likely influenced by metabolic demand and/or 19 
neural activation.3 20 
MfMRI also offers the clinician insight into the effectiveness of whether an exercise targets a 21 
specific muscle or muscle group. Takeda et al56 demonstrated significantly greater increases 22 
in T2 relaxation time for the supraspinatus muscle in response to empty can and full can 23 
exercises (shoulder abduction performed in the scapular plane with thumb down and up, 24 
respectively) in comparison to a horizontal abduction exercise in healthy individuals. These 25 
findings suggest that these exercises (empty can/full can) may provide a better approach to 26 
specifically evaluate or train the performance (eg. strength, endurance) of the supraspinatus 27 
muscle.37 Cagnie et al10 used mfMRI to evaluate cervical flexor muscles activity during 28 
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different cervical flexion exercises. It was determined that the deep longus capitis muscle was 1 
more active than the more superficial cervical flexor muscles during a craniocervical flexion 2 
exercise. This confirmed the appropriateness of craniocervical flexion as an exercise for 3 
patients with neck pain who are known to exhibit reduced activity of their deep cervical flexor 4 
muscles in the presence of heightened superficial flexor muscle activity. 28 These findings of 5 
cervical flexor function of Cagnie and colleagues were also consistent with those of a 6 
previous study utilizing EMG measures.45 A comparable study has recently been undertaken 7 
by Elliott et al25 utilising mfMRI to evaluate the impact of craniocervical orientation on cervical 8 
extensor muscle activity during extensor exercises in healthy individuals. While both the deep 9 
and superficial extensor muscles were active in both exercises evaluated, significantly greater 10 
T2 shifts were observed for the more superficial semispinalis capitis muscles when the 11 
exercise was performed with the craniocervical region in an extended orientation The findings 12 
of this study are of benefit to clinicians when prescribing exercise to train the cervical 13 
extensors. 14 
  15 
Changes in activation patterns in patients with musculoskeletal disorders 16 
There are only a few clinical studies which investigated changes in muscle activation pattern 17 
in patients with musculoskeletal disorders using mfMRI. Cagnie et al12 investigated the 18 
cervical flexor muscles activity in patients with whiplash-associated disorders (WAD). 19 
Although not significant, there was a strong trend for lesser activity of the deep muscles in the 20 
group with WAD compared to the control group, which is in agreement with the results of a 21 
previously published EMG study.28 O’Leary et al44 performed a similar study for the cervical 22 
extensor muscles and found some alteration in the differential activation of the cervical 23 
extensors in patients with mechanical neck pain. Based on this study, they concluded that 24 
further investigation of this muscle group in neck pain disorders is warranted. 25 
One potential challenge with mfMRI is that across individuals there is considerable variability 26 
in the activity-dependent T2 response. Accordingly, the use of T2 mapping to compare 27 
activation strategies and recruitment intensity among individuals remains controversial. The 28 
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correlation between T2 and exercise intensity is stronger within a single individual than across 1 
individuals. Thus, analytical techniques that compare relative changes in signal intensity 2 
within individuals across time or exercise, or comparing the injured to the uninjured side 3 
appear most appropriate.4  4 
Another approach to circumvent limitations of T2-shift measures, is to use an experimental 5 
pain paradigm. This offers the possibility to evaluate the influence of acute muscle pain on 6 
muscle activity within the same individual. Dickx et al20 demonstrated that experimental pain, 7 
induced into the right longissimus muscle, resulted in a significant decrease in muscle activity 8 
of the lumbar multifidus, lumbar erector spinae, and psoas muscles.  Cagnie et al11, 13 recently 9 
undertook two experimental pain studies for the evaluation of both cervical flexor and 10 
extensor muscles with mfMRI. In both studies, the results suggest that local excitation of 11 
nociceptive afferents causes an immediate reorganisation of the cervical muscle activity 12 
similar to that identified in clinical populations, which support recommendations for evaluation 13 
of cervical muscle function early in the management of painful cervical spine injuries. 14 
 15 
The efficacy of interventions delivered over time 16 
MfMRI has also been used to evaluate neuromuscular adaptations as a result of resistance 17 
training. However, there is a paucity of available information in the literature to definitely 18 
ascribe and generalize its use to this aspect of clinical assessment.6, 16, 49 Ploutz et al49 and 19 
Conley et al16 demonstrated that derecruitment of previously active muscles occurred when 20 
performing exercise with the same absolute loads after resistance training but that there was 21 
no change in the oxidative metabolic demand of muscle fibers, suggesting that fewer motor 22 
units were being activated when performing the exercise. Akima et al6 concluded that 23 
resistance training prevents deconditioning of neuromuscular systems and or metabolic 24 
capacity and that this type of exercise could be useful for the prevention of muscle 25 
deconditioning.  26 
 27 
Key points 28 
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 T2 shift measures provide a powerful technique to assess muscle function during 1 
specific exercise/rehabilitation protocols  2 
 Clinical studies which investigate changes in activity pattern in patients are emerging  3 
 4 
Future research 5 
Studies with mfMRI are still sparse and there is a need for further research investigating the 6 
underlying mechanisms of mfMRI and the technical optimization of this technique. For 7 
example, efforts will need to be made to improve image quality, to reduce artifacts, and to 8 
expand the volume of muscles that can be investigated simultaneously. The potential of 9 
mfMRI to map spatial variation in activity within a muscle has been indicated in literature, 10 
however, to date, studies applying this method are lacking. Further, there is also a need for 11 
more clinical studies investigating changes in muscular function in individuals with 12 
musculoskeletal disorders.  13 
 14 
Conclusion 15 
MfMRI is a relatively new and innovative technique that is well-suited for examining normal 16 
and abnormal patterns of muscle activation within individuals during exercise. It has the 17 
advantage to non-invasively evaluate muscle activity of deep or closely adjacent and 18 
overlying muscles. Although the cost-effectiveness of using mfMRI for patient assessment 19 
and plan of care is currently unknown, this technique, alone or in conjunction with other non-20 
invasive methods, may provide a powerful means for improving the assessment and 21 
management of patients with a range of  musculoskeletal conditions.  22 
23 
16 
 
 1 
Reference List 2 
 3 
 (1)  Adams GR, Duvoisin MR, Dudley GA. Magnetic resonance imaging and 4 
electromyography as indexes of muscle function. J Appl Physiol 1992 5 
October;73(4):1578-1583. 6 
 (2)  Adams GR, Harris RT, Woodard D, Dudley GA. Mapping of electrical muscle 7 
stimulation using MRI. J Appl Physiol 1993 February;74(2):532-537. 8 
 (3)  Akima H. Functional imaging of Human Skeletal Muscle during movement: 9 
implications for recruitment, metabolism and circulation. Int J Sport Health Sci 10 
2005;3:194-207. 11 
 (4)  Akima H, Hioki M, Furukawa T. Effect of arthroscopic partial meniscectomy on the 12 
function of quadriceps femoris. Knee Surg Sports Traumatol Arthrosc 2008 13 
November;16(11):1017-1025. 14 
 (5)  Akima H, Takahashi H, Kuno SY et al. Early phase adaptations of muscle use and 15 
strength to isokinetic training. Med Sci Sports Exerc 1999 April;31(4):588-594. 16 
 (6)  Akima H, Ushiyama J, Kubo J et al. Resistance training during unweighting 17 
maintains muscle size and function in human calf. Med Sci Sports Exerc 2003 18 
April;35(4):655-662. 19 
 (7)  Arendt-Nielsen L, Falla D. Motor control adjustments in musculoskeletal pain and 20 
the implications for pain recurrence. Pain 2009 April;142(3):171-172. 21 
 (8)  Bratton CB, Hopkins AL, Weinberg J. Nuclear magnetic resonance studies of living 22 
muscle. Science 1965;12(147):738-739. 23 
 (9)  Cagnie B, D'Hooge R, Achten E, Cambier D, Danneels L. A magnetic resonance 24 
imaging investigation into the function of the deep cervical flexors during the 25 
performance of craniocervical flexion. J Manipulative Physiol Ther 2010 26 
May;33(4):286-291. 27 
 (10)  Cagnie B, Dickx N, Peeters I et al. The use of functional MRI to evaluate cervical 28 
flexor activity during different cervical flexion exercises. Journal of Applied 29 
Physiology 2008;104(1):230. 30 
 (11)  Cagnie B, dirks R, Schouten M, Parlevliet T, Cambier D, Danneels L. Functional 31 
reorganization of cervical flexor activity because of induced muscle pain evaluated 32 
by muscle functional magnetic resonance imaging. Manual Therapy 33 
2011;doi:10.1016/j.math.2011.02.013. 34 
 (12)  Cagnie B, Dolphens M, Peeters I, Achten E, Cambier D, Danneels L. Use of Muscle 35 
Functional Magnetic Resonance Imaging to Compare Cervical Flexor Activity 36 
Between Patients With Whiplash-Associated Disorders and People Who Are 37 
Healthy. Phys Ther 2010 June 3;90(8):1157-1164. 38 
 (13)  Cagnie B, O'leary S, Elliott J, Peeters I, Parlevliet T, Danneels L. Pain-induced 39 
changes in the activity of the cervical extensor muscles evaluated by muscle 40 
17 
 
functional Magnetic Resonance Imaging. Clin J Pain 1 
2011;doi:10.1097/AJP.0b013e31820e11a2. 2 
 (14)  Cheng HA, Robergs RA, Letellier JP, Caprihan A, Icenogle MV, Haseler LJ. 3 
Changes in muscle proton transverse relaxation times and acidosis during exercise 4 
and recovery. J Appl Physiol 1995 October;79(4):1370-1378. 5 
 (15)  Conley MS, Meyer RA, Bloomberg JJ, Feeback DL, Dudley GA. Noninvasive 6 
analysis of human neck muscle function. Spine 1995 December 1;20(23):2505-7 
2512. 8 
 (16)  Conley MS, Stone MH, Nimmons M, Dudley GA. Resistance training and human 9 
cervical muscle recruitment plasticity. J Appl Physiol 1997 December;83(6):2105-10 
2111. 11 
 (17)  Cools AM, Dewitte V, Lanszweert F et al. Rehabilitation of Scapular Muscle 12 
Balance: Which Exercises to Prescribe? The American Journal of Sports Medicine 13 
2007;35(10):1744. 14 
 (18)  Damon BM, Gore JC. Physiological basis of muscle functional MRI: predictions 15 
using a computer model. J Appl Physiol 2005 January;98(1):264-273. 16 
 (19)  Danneels LA, Vanderstraeten GG, Cambier DC, Witvrouw EE, De Cuyper HJ, 17 
Danneels L. CT imaging of trunk muscles in chronic low back pain patients and 18 
healthy control subjects. European Spine Journal 2000;9(4):266-272. 19 
 (20)  Dickx N, Cagnie B, Achten E, Vandemaele P, Parlevliet T, Danneels L. Changes in 20 
lumbar muscle activity because of induced muscle pain evaluated by muscle 21 
functional magnetic resonance imaging. Spine 2008;33(26):E983. 22 
 (21)  Dickx N, D'Hooge R, Cagnie B, Deschepper E, Verstraete K, Danneels L. Magnetic 23 
resonance imaging and electromyography to measure lumbar back muscle activity. 24 
Spine 2010;35(17):E836-E842. 25 
 (22)  Donahue KM, Van KJ, Guven S et al. Simultaneous gradient-echo/spin-echo EPI of 26 
graded ischemia in human skeletal muscle. J Magn Reson Imaging 1998 27 
September;8(5):1106-1113. 28 
 (23)  Elliott J, Jull G, Noteboom JT, Darnell R, Galloway G, Gibbon WW. Fatty infiltration 29 
in the cervical extensor muscles in persistent whiplash-associated disorders: a 30 
magnetic resonance imaging analysis. Spine 2006 October 15;31(22):E847-E855. 31 
 (24)  Elliott J, O'leary S, Cagnie B, Durbridge GL, Danneels L, Jull G. Cranio-cervical 32 
orientation affects muscle recruitment patterns when exercising the cervical 33 
extensors in healthy subjects. Arch Phys Med Rehabil 2010;91:1418-1422. 34 
 (25)  Elliott JM, O'leary S, Sterling M, Hendrikz J, Pedler A, Jull G. Magnetic Resonance 35 
Imaging Findings of Fatty Infiltrate in the Cervical Flexors in Chronic Whiplash. 36 
Spine 2010 January 28;35(9):948-954. 37 
 (26)  Falla D, Jull G, Dall'Alba P, Rainoldi A, Merletti R. An electromyographic analysis of 38 
the deep cervical flexor muscles in performance of craniocervical flexion. Phys Ther 39 
2003 October;83(10):899-906. 40 
18 
 
 (27)  Falla D, Jull G, O'leary S, Dall'Alba P. Further evaluation of an EMG technique for 1 
assessment of the deep cervical flexor muscles. J Electromyogr Kinesiol 2006 2 
December;16(6):621-628. 3 
 (28)  Falla DL, Jull GA, Hodges PW. Patients with neck pain demonstrate reduced 4 
electromyographic activity of the deep cervical flexor muscles during performance of 5 
the craniocervical flexion test. Spine 2004 October 1;29(19):2108-2114. 6 
 (29)  Fisher MJ, Meyer RA, Adams GR, Foley JM, Potchen EJ. Direct relationship 7 
between proton T2 and exercise intensity in skeletal muscle MR images. Invest 8 
Radiol 1990 May;25(5):480-485. 9 
 (30)  Fleckenstein JL. Muscle water shifts, volume changes, and proton T2 relaxation 10 
times after exercise. J Appl Physiol 1993 April;74(4):2047-2048. 11 
 (31)  Fleckenstein JL, Canby RC, Parkey RW, Peshock RM. Acute effects of exercise on 12 
MR imaging of skeletal muscle in normal volunteers. AJR Am J Roentgenol 1988 13 
August;151(2):231-237. 14 
 (32)  Fleckenstein JL, Haller RG, Lewis SF et al. Absence of exercise-induced MRI 15 
enhancement of skeletal muscle in McArdle's disease. J Appl Physiol 1991 16 
September;71(3):961-969. 17 
 (33)  Fleckenstein JL, Watumull D, McIntire DD, Bertocci LA, Chason DP, Peshock RM. 18 
Muscle proton T2 relaxation times and work during repetitive maximal voluntary 19 
exercise. J Appl Physiol 1993 June;74(6):2855-2859. 20 
 (34)  Fountain FP, Minear WL, Allison RD. Function of longus colli and longissimus 21 
cervicis muscles in man. Archives of Physical Medicine and Rehabilitation 22 
1966;47(10):665. 23 
 (35)  Jenner G, Foley JM, Cooper TG, Potchen EJ, Meyer RA. Changes in magnetic 24 
resonance images of muscle depend on exercise intensity and duration, not work. J 25 
Appl Physiol 1994 May;76(5):2119-2124. 26 
 (36)  Kay TM, Gross A, Goldsmith C, Santaguida PL, Hoving J, Bronfort G. Exercises for 27 
mechanical neck disorders. Cochrane Database Syst Rev 2005;(3):CD004250. 28 
 (37)  Kelly BT, Kadrmas WR, Speer KP. The manual muscle examination for rotator cuff 29 
strength. An electromyographic investigation. Am J Sports Med 1996 30 
September;24(5):581-588. 31 
 (38)  Kinugasa R, Akima H. Neuromuscular activation of triceps surae using muscle 32 
functional MRI and EMG. Med Sci Sports Exerc 2005 April;37(4):593-598. 33 
 (39)  Kinugasa R, Kawakami Y, Fukunaga T. Muscle activation and its distribution within 34 
human triceps surae muscles. Journal of Applied Physiology 2005;99(3):1149-1156. 35 
 (40)  Kinugasa R, Kawakami Y, Fukunaga T. Quantitative assessment of skeletal muscle 36 
activation using muscle functional MRI. Magnetic resonance imaging 37 
2006;24(5):639-644. 38 
 (41)  Kulig K, Powers CM, Shellock FG, Terk M. The effects of eccentric velocity on 39 
activation of elbow flexors: evaluation by magnetic resonance imaging. Med Sci 40 
Sports Exerc 2001 February;33(2):196-200. 41 
19 
 
 (42)  Mayer JM, Graves JE, Clark BC, Formikell M, Ploutz-Snyder LL. The use of 1 
magnetic resonance imaging to evaluate lumbar muscle activity during trunk 2 
extension exercise at varying intensities. Spine 2005 November 15;30(22):2556-3 
2563. 4 
 (43)  Meyer RA, Prior BM. Functional magnetic resonance imaging of muscle. Exerc 5 
Sport Sci Rev 2000 April;28(2):89-92. 6 
 (44)  O'leary S, Cagnie B, Reeve A, Jull G, Elliott J. Is there altered activity of the 7 
extensor muscles in chronic mechanical neck pain? A functional magnetic 8 
resonance imaging study. Arch Phys Med Rehabil 2011;DOI: 9 
10.1013/j.apmr.2010.12.021. 10 
 (45)  O'leary S, Falla D, Jull G, Vicenzino B. Muscle specificity in tests of cervical flexor 11 
muscle performance. J Electromyogr Kinesiol 2007 February;17(1):35-40. 12 
 (46)  O'leary S, Jull G, Kim M, Vicenzino B. Cranio-cervical flexor muscle impairment at 13 
maximal, moderate, and low loads is a feature of neck pain. Man Ther 2007 January 14 
1;12:34-39. 15 
 (47)  Ono T, Higashihara A, Fukubayashi T. Hamstring functions during hip-extension 16 
exercise assessed with electromyography and magnetic resonance imaging. Res 17 
Sports Med 2011;19(1):42-52. 18 
 (48)  Patten C, Meyer RA, Fleckenstein JL. T2 mapping of muscle. Semin Musculoskelet 19 
Radiol 2003;7(4):297-305. 20 
 (49)  Ploutz LL, Tesch PA, Biro RL, Dudley GA. Effect of resistance training on muscle 21 
use during exercise. J Appl Physiol 1994 April;76(4):1675-1681. 22 
 (50)  Ploutz-Snyder LL, Yackel-Giamis EL, Rosenbaum AE, Formikell M. Use of muscle 23 
functional magnetic resonance imaging with older individuals. J Gerontol A Biol Sci 24 
Med Sci 2000 October;55(10):B504-B511. 25 
 (51)  Pooley RA. AAPM/RSNA physics tutorial for residents: fundamental physics of MR 26 
imaging. Radiographics 2005;25:1087-1099. 27 
 (52)  Price T, Kamen G, Damon B et al. Comparison of MRI with EMG to study muscle 28 
activity associated with dynamic plantar flexion. Magnetic resonance imaging 29 
2003;21:853-861. 30 
 (53)  Saab G, Thompson RT, Marsh GD. Effects of exercise on muscle transverse 31 
relaxation determined by MR imaging and in vivo relaxometry. J Appl Physiol 2000 32 
January;88(1):226-233. 33 
 (54)  Segal RL. Use of Imaging to Assess Normal and Adaptive Muscle Function. 34 
Physical Therapy 2007;87(6):704. 35 
 (55)  Stokes IA, Henry SM, Single RM. Surface EMG electrodes do not accurately record 36 
from lumbar multifidus muscles. Clin Biomech 2003 January;18(1):9-13. 37 
 (56)  Takeda Y, Kashiwaguchi S, Endo K, Matsuura T, Sasa T. The most effective 38 
exercise for strengthening the supraspinatus muscle: evaluation by magnetic 39 
resonance imaging. Am J Sports Med 2002 May;30(3):374-381. 40 
20 
 
 (57)  Uhlig Y, Weber BR, Grob D, Muntener M. Fiber composition and fiber 1 
transformations in neck muscles of patients with dysfunction of the cervical spine. J 2 
Orthop Res 1995 March;13(2):240-249. 3 
 (58)  van Dieen JH, Selen LP, Cholewicki J. Trunk muscle activation in low-back pain 4 
patients, an analysis of the literature. J Electromyogr Kinesiol 2003 5 
August;13(4):333-351. 6 
 (59)  van Middelkoop M, Rubinstein S, Kuijpers T et al. A systematic review on the 7 
effectiveness of physical and rehabilitation interventions for chronic non-specific low 8 
back pain. Eur Spine J 2011;20(1):19-39. 9 
 (60)  Vitti M, Fujiwara M, Basmanjian JM, Iida M. The integrated roles of longus colli and 10 
sternocleidomastoid muscles: an electromyographic study. The Anatomical record 11 
1973;177(4):471. 12 
 (61)  Yue G, Alexander AL, Laidlaw DH, Gmitro AF, Unger EC, Enoka RM. Sensitivity of 13 
muscle proton spin-spin relaxation time as an index of muscle activation. J Appl 14 
Physiol 1994 July;77(1):84-92. 15 
 16 
 17 
18 
21 
 
 1 
Figures 2 
 3 
Figure 1 Definitions of T1- and T2 relaxation. T1, or the longitudinal relaxation time, 4 
characterizes the rate at which the longitudinal component (Z-axis) of the magnetization 5 
vector recovers and is defined as the time (in milliseconds) it takes for the longitudinal 6 
magnetization to reach 63% of its final value. T2, or transverse relaxation time, characterizes 7 
the rate at which the magnetization vector decays in the transverse or XY plane. T2 is defined 8 
as the time (in milliseconds) it takes for the transverse signal to reach 37% (1/e) of its initial 9 
value. 10 
 11 
 12 
22 
 
 1 
Figure 2: Illustration of a T2 weighted image at rest (A) and following exercise (B) (TR: 2500 2 
ms; TE: 16 equidistant echoes ranging from 10.1 to 161.6 ms; 128 x 128 matrix and 256 mm 3 
FOV). There is an increased signal intensity (=brighter) for the m. multifidus (MF) and the m. 4 
erector spinae (ES). Although the changes in signal intensity are subtly visible, they are 5 
quantifiable using the calculation of T2 values.  6 
